Abstract Nanotechnology-based photothermal therapy has attracted great attention in the past decade. Nevertheless, photothermal therapy has some inherent drawbacks, such as the uneven heat production and limited laser penetration, often leading to insufficient treatment outcomes. Here, we developed a combination strategy to improve cancer therapy. The biomimetic albumin-modified gold nanorods (AuNRs) were prepared with incorporation of paclitaxel (PTX). This therapeutic system was characterized by several features. First, the albumin modification enhanced the biocompatibility and colloidal stability. Second, the surface-coated albumin promoted cellular uptake via the albumin-binding protein pathway. Third, PTX was incorporated via hydrophobic interaction between PTX and the albumin lipophilic domain. Fourth, the system can be used for combined photothermo-chemotherapy for yielding synergistic effects. The antitumor activity of the system was evaluated both in vitro and in vivo using the HCT116 colon cancer cell and tumor model. The combination therapy was found with an enhanced treatment efficiency and no obvious side effect. Most importantly, the thermal effect was also discovered with the ability to modulate the Acta Pharmaceutica Sinica B 2018;8(1):74-84 tumor microenvironments and suppress the macrophages polarization towards the M2 pro-tumor phenotype. It could be a mechanism for photothermal immunotherapy. The combination strategy and the system provide a potential method for cancer therapy.
Introduction
In the recent decade, photothermal treatment has attracted great attention as a promising avenue for cancer therapy, which makes use of the photothermal effect of the inorganic nanoparticles such as silica/gold nanoshells 1,2 , gold nanorods 3, 4 , gold nanospheres 5, 6 , gold nanocages 7, 8 , gold nanostars 9,10 , or carbon nanotubes 11, 12 . These nanomaterials are administrated by intravenous or intratumor injection with subsequent irradiation of laser light to raise the temperature to kill the tumor cells. In photothermal treatments, the temperature in the tumor tissues where the blood vessels are deficient can be 5-8 degrees higher than the normal tissues, thus preferentially eradicating the cancer cells but sparing the healthy cells. Compared to the traditional cancer therapies, the photothermal treatment has great advantages, such as non-invasion, local action, and minor side effects.
Nevertheless, there are some limitations in photothermal treatment, too. For instance, the distribution of nanoparticles in the tumor is highly heterogeneous, and only a tiny fraction of the nanomaterials can reach the deep site of the tumors. In addition, laser beam energy is dramatically reduced after penetrating the tissues and it is at Gaussion distribution pattern, thereby leading to the insufficient photothermal effect deep inside the tumors.
A combination of photothermo-chemotherapy provides a promising method for improving the treatment efficacy [13] [14] [15] . The chemo-drugs can be encapsulated into the photothermal nanoparticles, and achieve the tumor targeting effect.
In this study, we developed a nano-system for photothermochemotherapy by loading a chemotherapy drug PTX to the albumin-modified AuNRs. Of note, albumin can serve as an efficient carrier of PTX via the strong interaction of the hydrophobic PTX binding with the hydrophobic domains of albumin. Another important function of albumin is its preferential uptake by the tumor cells. Albumin-binding proteins, e.g., SPARC (secreted protein acidic and rich in cysteine), are the major pathway for albumin uptake by the tumor cells, which are greatly in need of albumin as a source of amino acids and energy to supply their rapid growth 16 . Therefore, the albumin-based nanoparticles can achieve enhanced tumor uptake via the biomimetic transportation mechanism of albumin-binding proteins (e.g., SPARC) 17, 18 . Therefore, it was expected that the PTX-loading, albumin-modified AuNRs could benefit from the albumin-mediated biomimetic intracellular delivery.
Thermo-immune responses have been demonstrated to be efficient for cancer therapy 19 . However, the mechanisms have not been understood yet. The tumor-associated macrophages (TAMs) are the major component in the tumor immune microenvironment. In this study, the photothermal effect on the TAMs was investigated.
Materials and methods

Materials
Tetrachloroauric (III) acid trihydrate and 11-mercaptoundecanoic acid (MUA) were purchased from J&K chemical Ltd. (Beijing, China). Bovine serum albumin (BSA) was obtained from RBC Life Sciences (Irving, USA) and PTX was from Melone Pharmaceutical Co., Ltd. (Dalian, China). Tris(hydroxyl methyl)aminomethane ( Z99.9%) was provided by Beyotime Institute of Biotechnology (Haimen, China). Anti-LC3B antibody was acquired from Cell Signaling Technology, Inc. (Danvers, USA). McCoy's 5A medium and 3-(4,5-dimethylthialzol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were from Sigma-Aldrich (St. Louis, USA). 1-Ethyl,3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), cetyl trimethyl ammonium bromide (CTAB), and other reagents were of analytical reagent grade, and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Preparation of CTAB-AuNRs
AuNRs were synthesized by the seed-mediated growth method 20 . Briefly, the HAuCl 4 (0.5 mmol/L, 5 mL) aqueous solution was gently mixed with the CTAB solution (0.2 mol/L, 5 mL). Subsequently, with addition of the ice-cold NaBH 4 solution (10 mmol/L, 0.6 mL), the mixture was vigorously stirred for 2 min, and then kept at 28°C for 3 h in darkness to generate the AuNR seeds. CTAB (0.2 mol/L, 20 mL), silver nitrate (4 mmol/L, 0.8 mL), HAuCl 4 (1 mmol/L, 20 mL) were mixed in a flask. The solution was gently mixed, and ascorbic acid (80 mmol/L, 0.28 mL) was added. The mixture was turned from yellow to colorless. Immediately, the AuNR seeds (0.48 mL) were quickly added to the mixed solution above to initiate the growth of AuNRs. The reaction was maintained at 28°C for 6 h in darkness, the CTAB-AuNRs were generated.
Preparation of MUA-AuNRs
The MUA-AuNRs were prepared by a round-trip ligand exchange method 21 . First, the CTAB-AuNRs were concentrated (2×10 -8 -5×10 -8 mol/L) by centrifugation. Dodecanethiol (DDT) was added to the CTAB-AuNRs aqueous solution to replace the CTAB. The thus-formed DDT-AuNRs were added to acetone. The organic phase was added to the solution of toluene and methanol (1:5) . The DDT-AuNRs were collected using centrifugation, and the precipitation was resuspended in toluene by sonication. The DDT-AuNRs in toluene were added to 0.1 mol/L MUA in toluene. After reflux and vigorously stirring for 15 min at 75°C, the MUA-AuNRs were formed. They were collected and washed with toluene and isopropanol, successively. Finally, the MUAAuNRs were resuspended in Tris-borate-EDTA buffer (TBE) for the further experiments.
Preparation of BSA-AuNRs and BSA-AuNRs/PTX
The carboxyl group of the MUA-AuNRs was activated using EDC/NHS. Afterward, BSA (10 mg) was added to the activated NHS-MUA-AuNRs, and reacted for 5 h. The modification of BAS was based on the conjugation of its amino groups to the activated NHS group on the MUA-AuNRs. The BSA-AuNRs was purified by centrifugation and wash for three times. The PTX/BSA-AuNRs were synthesized by adding PTX (5 mmol/L) to the BSA-AuNRs (50 μg/mL) and stirring for 2 h. Then the PTX/BSA-AuNRs were centrifuged and washed for three times. The PTX loading efficiency was measured by an HPLC method. The PTX/BSA-AuNRs (100 μL) was added to methanol (900 μL). After ultrasound extraction for 10 min and centrifugation, the supernatant was analyzed by HPLC with a reverse-phase C18 column to quantitate PTX. Thermogravimetric analysis (TGA) was also used to characterize the BSA-AuNRs.
TEM examination, zeta potential measurement, and visspectrum
The morphologies of AuNRs were detected by transmission electron microscopy (TEM) operated at 200 kV. The zeta potential of the CTAB, MUA, or BSA-coating AuNRs was measured by Zetasizer (Nano-ZS90, Malvern instruments, UK). The spectrum (400-900 nm) was monitored using vis-spectroscopy (Multiscan, Thermo Fisher, USA).
The stability of the PTX/BSA-AuNRs was monitored by measuring the turbidity in the cell culture medium at 380 nm.
TGA analysis of BSA-AuNRs
The thermogravimetric curve of the BSA-AuNRs was measured by thermal gravimetric analyzer (Pyris 1, PerkinElmer, USA). The temperature range was 50-600°C and the heating rate was 20°C /min.
Measurement of photothermal conversion efficiency
The photothermal conversion efficiency of the MUA-AuNRs (50 μg/mL) and BSA-AuNRs (50 μg/mL) was monitored using the infrared temperature measurement with irradiation by near infrared laser (NIR, 808 nm, 3 W, 3 min). The temperature-time data was recorded by ThermoX 2.2 and analyzed by GraphPad Prism.
Cellular uptake and cell vitality assay
Human colon cancer cells (HCT116) were cultured in the McCoy's 5 A medium supplemented with 10% (v/v) FBS and penicilliumstreptomycin solution (100 U/mL penicillin, 100 U/mL streptomycin) at 37°C under 5% CO 2 .
For cellular uptake study, the HCT116 cells were planted into the 12-well plates. After 24-h culture, the cells were treated with the rhodamine B-loaded BSA-AuNPs for 45 min. After washed with PBS for 3 times, the cells were subjected for fluorescence microscopic imaging. The PEG-AuNRs prepared by the reaction between PEG-NH 2 and MUA-AuNRs via EDC/NHS method was set as control.
The cells were seeded at a density of 5 × 10 3 cells per well into the 96-well plates. After 24-h incubation, the cells were treated with PTX (dissolved in alcohol/castor oil, 1:1) or the PTX/BSAAuNRs at various concentrations for another 48 and 72 h. The cell viability was determined by a standard MTT assay. The IC 50 value was calculated by fitting the dose response-inhibition curve using the GraphPad Prism software.
To examine the effect of the combination of photothermochemotherapy, the HCT116 cells were treated as the follow: (1) PTX, (2) BSA-AuNRsþNIR, (3) PTX/BSA-AuNRs, (4) PTX/BSA-AuNRs þ NIR, and (5) control group with NIR at Scheme 1 The process of fabricating BSA-AuNRs. CTAB-AuNRs were synthesized and then CTAB was replaced by MUA through the "round-trip" phase transfer method. BSA was conjugated to MUA via EDC/NHS reaction. PTX was incorporated in BSA-AuNRs by hydrophobic interaction. a fixed dose of Au (50 μg/mL) and varying concentration of PTX (1.5, 3, and 6 µg/mL). The cells were incubated with the drugs for 12 h and then washed with PBS for three times before infrared illumination (λ ¼ 808 nm, 3 W, 2 min). After another 12 h, the cell viability was measured by the MTT assay.
The effects on cell apoptosis and autophagy
The HCT116 cells were planted in the 24-well plates. After 24 h, the cells were incubated with the above drugs and then subjected to infrared illumination (5 W, 4 min). The apoptosis of cells was analyzed by the FITC-annexin V kit and flow cytometry.
The cell autophagy was evaluated by the expression level of the autophagy related protein LC3B. The HCT116 cells after treatment with the same procedures as above were subjected to Western blotting assay for measuring the level of LC3B expression.
The effect of photothermal therapy on the macrophages polarization
RAW264.7 macrophages were planted in the 24-well plates and cultured for 24 h. The M2-phenotype macrophages were induced using IL-4 (40 ng/mL), and treated with BSA-AuNRs (20 μg/mL) for 12 or 24 h. After washed using PBS, the cells were treated with laser irradiation (1, 2, or 3 min) and then cultured for another 12 h. The cells were used for Western blotting assay to detect the expression level of mannose receptor and legumain.
In vivo chemo-photothermal therapy
The BALB/c nu/nu mice (SPF-level, female, 18 7 2 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). All animal procedures were carried out under the guidelines approved by the Institutional Animal Care and Use Committee of the Shanghai Institute of Materia Medica, Chinese Academy of Sciences. The HCT116 subcutaneous tumor model was developed for the in vivo treatment study. When the tumors grew to around 100 mm 3 , the mice were divided into 5 groups (n ¼ 5) randomly for the treatments: (1) PBS; (2) PTX; (3) BSA-AuNRs þ NIR; (4) PTX/BSA-AuNRs (5) PTX/BSA-AuNRs þ NIR. The drug formulations (a dose equal to 1.5 mg/kg of Au and 1 mg/kg of PTX) were peritumorally injected every two days. Two hours after injection, the tumor was locally irradiated by NIR laser and the temperature was maintained at 43-45°C for 5 min. The volume of the tumors was measured and the body weight was monitored. At the end of the experiment, the tumors and major organs (heart, liver, spleen, lung, and kidney) were collected and weighted.
Results
Fabrication and Characterization of AuNRs
Seed synthesis is a classic method for preparation of AuNRs, with advantages, such as synthesis of convenience, high yield, and the precisely controlled LSPR. But this method typically involves the poorly biocompatible and cytotoxic CTAB. A further surface modification is generally required for in vivo application. In our study, by the ligand exchange method, the surface-coating CTAB was replaced by MUA. Subsequently, the MUA-AuNRs was modified with BSA, thus forming the improved biocompatible BSA-AuNRs. Moreover, PTX was encapsulated in the BSAAuNRs via hydrophobic interaction (Scheme 1).
The morphology of AuNRs was observed using TEM, showing a size about 50 nm long and 10 nm wide (Fig. 1A) . The zeta potential of the CTAB, MUA, and BSA-AuNRs was shown in Fig. 1B . The CTAB-AuNRs were positively charge (þ 36 mV), and the MUA-AuNRs and BSA-AuNRs were negative (-6.5 and -21.5 mV, respectively).
Gravimetric Analyzer (TGA) was used to characterize the composition ratio of the BSA-AuNRs (Fig. 1C) . According to the thermogravimetric curve, the weight loss percentage of BSA was 74.91% and the BSA-AuNRs was 33.07%. Therefore, the BSA mass ratio of the BSA-AuNRs was calculated to be 36.15%.
The BSA-AuNRs displayed the improved colloidal stability at various pH, while the MUA-AuNRs aggregated at pH 3 ( Fig. 1D-E) . The BSA-AuNRs remained stable in either water and cell culture medium up to 4 days (Fig. 1F) .
The photothermal properties of AuNRs were evaluated by measuring the temperature increase along with the time of laser exposure. The MUA-AuNRs or BSA-AuNRs in water (50 µg/mL) were illuminated, and the temperature of the MUA-AuNRs and BSA-AuNRs could rise to around 60°C within 3 min (Fig. 2) .
Cellular uptake of BSA-AuNRs, cytotoxicity of PTX/BSAAuNRs and efficacy of photothermo-chemotherapy
The cellular uptake of BSA-AuNRs were enhanced, compared with the conventional PEG-AuNRs (Fig. 3A) , presumably due to the albumin-binding proteins-mediated endocytosis. PTX was loaded in the BSA-AuNRs via hydrophobic interaction and the drug loading efficiency was 4.2%. The PTX/BSA-AuNRs as a chemotherapeutic agent was shown a high antitumor efficacy in the HCT116 cells, with an IC 50 of 2 ng/mL, and that of the free PTX was 13.5 ng/mL for 72-h treatment (Fig. 3B) . The enhanced antitumor activity could be due to the enhanced Figure 2 The photothermal effect of MUA-AuNRs (A), BSA-AuNRs (B), and PBS (C). cellular uptake. It should be pointed out that both the negatively charged AuNRs (MUA-AuNRs and BSA-AuNRs) displayed very good biocompatibility, compared to the highly cytotoxic CTAB-AuNRs (Fig. 3C) .
The combination therapy was demonstrated by treating the cells with the PTX/BSA-AuNRs and the subsequent laser irradiation. Fig. 3D shows the cell viability of PTX, PTX/BSA-AuNRs, BSAAuNRs þ NIR, PTX/BSA-AuNRs þ NIR were 16%, 15%, 20%, and 5%, respectively. It clearly demonstrated that combination therapy yielded a synergetic effect on killing the cancer cells.
The effect on cell apoptosis and autophagy
Both the single photothermal group (BSA-AuNRs þ NIR) and the non-irradiation PTX/BSA-AuNRs could efficiently induce cell apoptosis, and the ratio of late apoptosis cells was 36.2% and 41.2%, respectively (Fig. 4A) . Furthermore, the ratio in the combination group of PTX/BSA-AuNRs þ NIR was enhanced to 52.2%, thus providing solid evidence for the benefits of the combination of photothermo-chemotherapy.
Autophagy is an important mechanism for antitumor therapy. LC3B is a key protein maker of cell autophagy, and its expression level can be used as an indicator of autophagy. Chloroquine phosphate that can strongly induce autophagy was set as a positive group. The autophagy level of in the PTX and PTX/BSA-AuNRs groups was relatively low, probably because PTX at the tested dose mainly induced cell apoptosis and its induction of cell autophagy was limited (Fig. 4B) . However, the LC3B expression in both the photothermal groups was high, suggesting the efficient induction of autophagy. Interestingly, the autophagy level in the combination therapy declined compared to that of the single photothermal treatment. A possible explanation could be that the major action of PTX/BSA-AuNRs þ NIR was the induction of apoptosis. 
The effect of photothermal therapy on the classification of macrophages in vitro
Photothermotherapy on tumor cells has been reported that it can cause changes in gene expression and metabolism in many aspects. However, its effects on the tumor microenvironments (TME) largely remain unknown. Tumor-associated macrophages (TAM) are a major player in TME. TAMs are generally classified into two types: the antitumor M1 and pro-tumor M2 phenotypes. Polarization toward M2 phenotype promotes tumor progression, angiogenesis, and chemoresistance 22 . The increased infiltration of M2 macrophages in tumors is associated with drug resistance, and thus leads to chemotherapy failure. We have previously reported that suppression of the M2 polarization with a chemical modulator enhanced the chemotherapy efficacy in colon cancer and glioma 17, 18 . Therefore, it was interesting to investigate the photothermal effect on TAM polarization. The mannose receptors (CD206) and the asparaginyl endopeptidase legumain are the often-used biomarkers to characterize the M2 phenotype TAM 23, 24 . For the in vitro studies, the M2 phenotype was induced using IL-4. The expression of CD206 and legumain was remarkably downregulated after photothermal treatment with BSA/AuNRs, compared to the non-treatment group (Fig. 5) . The suppression of M2 polarization by the BSA-AuNR-induced thermal effect was laser irradiation dose-dependent, and 3-min illumination showed the best inhibition effect than the other groups.
The induction of immune responses in tumors by photothermal therapy has been reported 25 . The mechanisms could be accounted for the production of the debris from the dead tumor cells caused by photothermotherapy served as the tumor antigens and elicited the cytotoxic T-cell effect. In this study, we discovered the immune cells (e.g., TAMs) were also a part of the photothermotherapy-induced immune effects, via a mechanism of suppression of the TAM polarization toward M2 phenotype.
In vivo photothermo-chemotherapy
The treatment efficacy of the combined photothermo-chemotherapy was investigated using peritumoral administration as a pilot study. The peritumoral route could provide great convenience to (Fig. 6A-C) . The results showed that the tumors in the PBS-treated mice grew rapidly and the average tumor volume of 2000 mm 3 at day 17 (Fig. 6A ). Both the chemotherapy alone (free PTX and PTX/BSA-AuNRs) and the photothermotherapy alone (BSA-AuNRs þ NIR) showed moderate arrest of tumor growth. By sharp contrast, the photothermo-chemotherapy exhibited the strong inhibition of tumor growth, with an inhibition rate of 84.3% (Fig. 6C) . The results demonstrated the synergetic effect of photothermo-chemotherapy.
At the end of the experiment, the tumors and major organs were dissected for further assay. Immunohistochemical (IHC) staining of tumors was performed to examine the LC3 expression. The TUNEL staining was also carried out to examine the apoptosis (Fig. 6D) . LC3, the biomarker for autophagy, was highly expressed in the BSAAuNRs þ NIR group, which was consistent with that of the cell experiment. There were a large amount of apoptotic cells found in the BSA-AuNRs þ NIR group. The amount of the M2-type macrophages, represented by the CD206 and legumain staining, was greatly reduced after the photothermo-chemotherapy (Fig. 7) . It demonstrated that the combination successful re-educated the TAM and suppressed the polarization toward the pro-tumor M2 phenotype, thus activating Figure 5 The suppression effect on the M2 polarization by photothermal therapy. the immune system to kill the cancer cells. It could be a mechanism for photothermal immunotherapy.
The body weight change was shown in Fig. 8A , and the body weight of all the groups did not sustain significant change, indicating the safety of the treatments. Furthermore, the H&E histological examination showed there were no obvious damages (e.g., degeneration or necrosis) in parenchymatous cells and no inflammatory in the major organs (e.g., heart, liver, spleen, lung, and kidney) in the mice treated with the PTX/BSA-AuNRs þ NIR (Fig. 8B) .
Discussion
The major concern with photothermal application is the difficulty to direct heat specifically to the tumor region but sparing the normal tissue. However, its use in colorectal cancer would be promising because laser can be conveniently and precisely delivered to the tumor site via a fiber optic cable with endoscope. In fact, photodynamic therapy has been investigated in colorectal cancer in clinical practice with the aid of endoscopy 26 . The antitumor immunity elicited by photothermal treatment has been actively investigated 25 . It is generally believed that the immune responses can be induced by the release of the tumor antigens and the cell debris released by the local destruction of cancer cells by photothermal effect 25, 27 . Our results demonstrated that redirecting the polarization of TAM was also a major immune mechanism. Of note, it has recently reported that phototherapy using high-fluency, low-power laser irradiation could mediate tumor-killing effect by inactivation of respiration chain oxidase, and which, interestingly, consequently induced phenotypic change of macrophages 28 . In cancer therapy, both innate immunity and acquired immunity play important roles. Macrophages-directed innate immunotherapy has been drawn great attention recently [29] [30] [31] . For example, M1 phenotype macrophages can secrete antitumor cytokines or directly "eat" the tumor cells. Therefore, the modulation of macrophages via a photothermal method is a promising target for cancer immunotherapy.
Conclusions
We developed the PTX/BSA-AuNRs for combining photothermal treatment with chemotherapy. The biomimetic modification with albumin not only improved the biocompatibility of the AuNRs but also enhanced the intracellular delivery via a mechanism of albumin-binding protein-mediated uptake. Additionally, the albumin hydrophobic domains could interact with PTX, thus serving as a drug-carrier albumin corona on the AuNRs. The synergistic effect of the photothermo-chemotherapy was demonstrated by both the in vitro and in vivo studies. The combination therapy yielded better efficacy than single treatment. Enhanced apoptosis was found in the combined therapy, while thermotherapy preferentially induced autophagy. More importantly, we discovered the photothermal treatment modulated the TME, and efficiently inhibited the polarization towards the M2 pro-tumor phenotype TAM. The animal studies demonstrated the combined therapy effectively arrested the tumor growth, yielding enhanced treatment outcomes with high biotolerance. In summary, this combination treatment provides a potential strategy for cancer therapy.
